Context: Vitamin D deficiency is associated with many adverse health outcomes, yet little is known about the genetic epidemiology of vitamin D or its metabolites. 
Studying populations with varying degrees of skin pigmentation is important because the primary source of vitamin D is UV-B radiation from the sun, which produces provitamin D 3 , the initial vitamin D metabolite, in the skin. Melanin pigmentation that makes skin darker in color also acts as a natural sunscreen by absorbing UV-B radiation from the sun. However, this protective quality also means that less UV-B radiation is available for the production of provitamin D 3 . Although 25(OH)D levels decrease with darker skin color, levels of the more biologically active metabolite, 1,25(OH) 2 D, appear to be nearly equivalent in the two extremes of skin color (6) (7) (8) (9) , but the level of 1,25(OH) 2 D in individuals with intermediate skin coloring is unknown.
Little is known about the genetic epidemiology of vitamin D and its metabolites, compounds that appear to be vitally important to our health. Therefore, the goals of the current study were to: 1) measure the levels of 25(OH)D and 1,25(OH) 2 
Subjects and Methods

The Insulin Resistance Atherosclerosis (IRAS) Family Study
The IRAS Family Study is a multicenter study designed to identify the genetic basis of insulin resistance and adiposity in a multiethnic population. Details of the study design and methods have been published (11) . Probands for the IRAS Family Study were generally recruited from the original IRAS cohort (12) . Additional probands were ascertained from the general population. Criteria for proband selection were based on large family size, not on disease status or extreme phenotypes. Participants in the IRAS Family Study were recruited by clinical centers in Los Angeles, CA (African Americans), San Luis Valley, CO (Hispanics), and San Antonio, TX (Hispanics). Race/ethnicity was determined by selfreport. As part of the clinical examination, plasma from the 2-min sample of the frequently sampled iv glucose tolerance test after at least an 8-h fast was used for the measurement of vitamin D levels. Informed consent was obtained from all subjects.
Measurement of vitamin D levels
Levels of 25(OH)D were measured by a two-step process involving rapid extraction of 25(OH)D and other hydroxylated metabolites from plasma and RIA with a 25(OH)D-specific antibody (DiaSorin Inc., Stillwater, MN) with interassay coefficients of variation less than 8%. Levels of 1,25(OH) 2 D were measured by a two-step process involving extraction and purification of vitamin D metabolites from plasma and RIA with a 1,25(OH) 2 D-specific antibody (DiaSorin) with interassay coefficients of variation less than 19%.
DNA collection, single nucleotide polymorphism (SNP) selection, and genotyping DNA was extracted from whole blood samples using the PURE-GENE DNA Isolation Kit (Gentra, Minneapolis, MN). DNA was quantitated using standardized fluorometric readings on a Hoefer DyNa Quant 200 Fluorometer (Hoefer, Inc., San Francisco, CA).
The Ensembl, dbSNP, and HapMap databases were searched to identify known SNPs within DBP, VDR, and CYP27B1. There were 32 SNPs selected based upon: 1) variants reported to be associated with adverse health outcomes or SNPs very close to these variants, 2) coding SNPs, 3) tagging SNPs from HapMap, and 4) additional SNPs with a minor allele frequency more than or equal to 0.1 to provide uniform coverage of the genes.
Amplified and purified DNA samples were analyzed using the MassARRAY genotyping system (Sequenom, San Diego, CA) (13) . Primer sequences are available on request. Duplicate quality control samples from 70 individuals were placed randomly throughout the plates. Concordance between the blind duplicate samples and the identified samples ranged from 95% for one of the SNPs to 100% for 23 of the SNPs.
Pedigree and genotype error detection
All pedigrees had previously been checked for pedigree errors using Pedigree RElationship Statistical Test (PREST) software (available at http://fisher.outstat.toronto.edu/sun/Software/Prest) (14) . Each SNP was examined for Mendelian inconsistencies using PEDCHECK software (15) . Any genotypes that were inconsistent with Mendelian inheritance were set to missing. In addition, each SNP was tested for departure from Hardy-Weinberg equilibrium (HWE). Six of the 32 SNPs had a very low success rate or were not in HWE; therefore, four replacement SNPs in approximately the same chromosomal location were genotyped to minimize gaps in coverage [average distance between SNPs ϭ 4.5 kilobases (kb); maximum ϭ 6.8 kb]. None of the SNPs reported in this paper deviated significantly from HWE assumptions.
Measurement of covariates
As previously reported, physical activity was assessed by a 1-yr recall using a modification of a validated instrument (16) that incorporated activities common among IRAS Family Study participants, including ranching and homemaking activities. These activities were queried in groups according to home, work, or leisure time, and according to intensity of activities (light, moderate, or vigorous) based on metabolic equivalent (MET) values. For each activity group, usual frequency and duration of participation were recorded, from which estimated energy expenditure (EEE) was determined. Total energy expended (in kcal/kg) per year was calculated by summing across all activity groups, plus the EEE from sleep (MET value of 1.0), plus the EEE from light activities (e.g. sitting MET value of 1.5). Audiotapes of the physical activity interviews were monitored centrally on a quarterly basis throughout the data collection period. Gender-specific quartiles of physical activity were calculated.
Data on solar UV-B radiation, which is the primary source of vitamin D, were obtained from the National Solar Radiation Data Base produced by the National Renewable Energy Laboratory under the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy. The AVerage daily total GLObal solar radiation, defined as the total amount of direct and diffuse solar radiation in Wh/m 2 received on a horizontal surface, for the month before the blood draw was determined for each individual based on the county of the study center.
A brief questionnaire, which asked about sun exposure and regular multivitamin supplement use, was completed by participants in San Luis Valley. Sun exposure questions included hours spent outside between 1100 and 1500 h in warm and cool weather months, and the frequency of protection from sun exposure by wearing a hat with a brim and clothing covering most of the body or sunscreen in warm and cool weather months (Always ϭ 3, Frequently ϭ 2, Seldom ϭ 1, and Never ϭ 0).
Data transformation
Distributions of 25(OH)D and 1,25(OH) 2 D levels were positively skewed within each recruitment center. Therefore, a square root transformation was used to approximate better a normal distribution.
Association analysis
A variance component model was used that enabled us to account for the correlations among family members in pedigrees of arbitrary size and complexity. Statistical details of the application of this approach are described by Kammerer et al. (17) . For the environmental association analysis, covariates reported to be associated with 25(OH)D and 1,25(OH) 2 D levels were included in the initial models [gender, age, solar radiation in the month before the blood draw, body mass index (BMI), physical activity quartile, and 25(OH)D (for the 1,25(OH) 2 D model only)]. In addition, hours spent outside and frequency of protection from sun exposure during the season of blood draw and regular multivitamin use were included in the initial model for participants from San Luis Valley, in which the vitamin D exposure questionnaire was administered. For the genetic association analysis, each SNP was tested for association under an additive model adjusting for gender and age. The significance of each independent variable was assessed by the likelihood ratio test. Due to the differences in allele frequency and linkage disequilibrium structure among the centers, all analyses were stratified by center. Analyses were conducted in the Sequential Oligogenic Linkage Analysis Routines (SOLAR) software (available at http://www.sfbr.org/solar/ index.htm) (18) .
Heritability analyses
The residual heritability was estimated, using the SOLAR software (18) , for each phenotype within each clinical center, reflecting the residual proportion of variance of the phenotype due to familial (genetic) effects after the effects of significant environmental covariates were removed. 
Results
Descriptive statistics
Descriptive statistics for the family members with genotype and phenotype data are shown in Table 1 . There were no significant differences in percentage of female participants among the three centers. There was a significant difference in solar radiation in the month before the blood draw among the three centers, with His- 
Environmental association
In the San Luis Valley Hispanics, self-reported frequency of protection from sun exposure during the season of blood draw was not significantly associated with levels of 25(OH)D (P ϭ 0.701). Self-reported hours spent outside during the season of blood draw were significantly associated with 25(OH)D in a univariate model (P Ͻ 0.001), but not after adjusting for solar radiation in the month before the blood draw and gender (P ϭ 0.149). All other variables included in the initial model were significantly associated with 25(OH)D and are shown in Table 2 .
After adjusting for 25(OH)D, the precursor vitamin D metabolite, only age (San Antonio Hispanics only) and BMI (Los Angeles African Americans only) were significantly associated with 1,25(OH) 2 D (Table 3) .
Heritability
For 25(OH)D, the heritability analysis for each center included adjustment for gender, age, solar radiation, BMI, and physical activity quartile (final model from Table 2 ). In addition, in San Luis Valley Hispanics, the heritability analysis included adjustment for regular multivitamin use. For 1,25(OH) 2 D, the heritability analysis for each center included adjustment for gender, age, BMI, and 25(OH)D (final model from Table 3 (Table 4) .
Genetic association
Minor allele frequencies of the 30 SNPs based on all founders in each center are shown in Table 5 . After adjusting for gender and age, two SNPs in the DBP [linkage disequilibrium (r 2 ) ϭ where approximately half the sample collection occurred in the summer/fall and half in the winter/spring (data not shown). Previous research has shown that despite the correlation between skin color and levels of 25(OH)D, where higher levels of 25(OH)D are seen in those with lighter skin color, levels of the subsequent metabolite, 1,25(OH) 2 D, are similar or even lower in non-Hispanic whites compared with Blacks (5-8). In our study, levels of 1,25(OH) 2 D were similar in Los Angeles African Americans and San Luis Valley Hispanics, but higher in San Antonio Hispanics. This difference between the centers persisted even after adjustment for gender, age, BMI, and 25(OH)D levels, and may be due to random variation because there is no known biological explanation.
Individuals in the least active quartile had lower 25(OH)D levels than those in the most active quartile (Table 2 ). This relationship has been recently reported (20) , however, it was unknown whether the measure of physical activity was a surrogate for time spent outdoors or other healthy behaviors, such as multivitamin supplement use. In the current study, physical activity maintained the same level of statistical significance after adjustment for self-reported hours spent outside during the season of blood draw and multivitamin supplement use (P ϭ 0.069; data only available in San Luis Valley). However, both hours spent outside and physical activity were self-reported, so we cannot exclude the possibility that the relationship between physical activity and 25(OH)D levels is due to physical activity that took place outside. Further research with prospective and objective measures of physical activity and UV-B radiation exposure is necessary to elucidate this relationship.
The primary source of vitamin D is UV-B radiation from the sun, which is affected by the amount of time spent outdoors. In San Luis Valley Hispanics, self-reported hours spent outside during the season of blood draw were significantly associated with 25(OH)D in a univariate model (P Ͻ 0.001), but not after adjusting for solar radiation in the month before the blood draw and gender (P ϭ 0.149). This can be explained by the correlation between time spent outside and solar radiation and gender in the San Luis Valley. Hours spent outside were positively correlated with solar radiation (P Ͻ 0.001), indicating that participants reported spending more time outdoors in times of higher solar radiation (warmer months). Women reported fewer hours spent outside than men (P Ͻ 0.001). This finding may be specific to the San Luis Valley where cold winters make spending time outside unappealing and where farming, an occupation dominated by men that requires spending time outside, is prevalent.
After adjustment for gender, age, and 25(OH)D, BMI was independently and negatively associated with levels of 1,25(OH) 2 D (Table 3 ). This association was only significant in Los Angeles African Americans, but a similar trend was seen in San Antonio and San Luis Valley Hispanics. This finding lends support to results reported by Parikh et al. (21) , in which 1,25(OH) 2 D was associated with BMI in both African Americans and Caucasians, but the relationship was substantially stronger in the African Americans. The negative association between BMI and 25(OH)D is well established, but that between BMI and 1,25(OH) 2 D is still quite controversial, and the mechanism of action is unknown. However, these results, which were adjusted for levels of 25(OH)D, indicate that the decrease in 1,25(OH) 2 D with an increase in BMI is not strictly due to decreased levels of the precursor metabolite, 25(OH)D, as has been previously speculated.
The residual heritability of 25(OH)D in our study is much lower than that reported by Wjst et al. (5) (0.803). The high heritability estimate in their study may be because they adjusted for age and sex, but not for solar radiation, BMI, or physical activity, environmental factors that are likely to be shared in these pediatric siblings with clinical asthma; because they are children, it is likely that their parents brought them in for their study visit andblooddrawonthesameday(similarsolarradiationexposure).The residual heritability of 1,25(OH) 2 D in our study is similar to that reported by Wjst et al. (5) (0.300). This similarity, vs. the disparity in resultsfor25(OH)D,maybebecause1,25(OH) 2 Dismorebiologically regulated and less affected by environmental factors.
One SNP in exon 11 of the DBP, rs4588, that results in an amino acid change in codon 420 Thr3 Lys (ACG3 AAG, resulting in a protein change from Gc-1 to Gc-2), was associated with both 25(OH)D and 1,25(OH) 2 D in all three centers. The A base pair leading to the lysine (Lys) amino acid and the Gc-2 (22) detected this association. This is probably because the T allele (Asp) is found in both the phenotype with the highest affinity for the two vitamin D metabolites (Gc-1f) and the phenotype with the lowest affinity (Gc-2), whereas the G allele (Glu) is found in the phenotype with intermediate affinity (Gc-1s) (23) . This splitting of the T-allele effect between two opposite phenotypes could result in a diluted association or no association at all.
There are a few limitations to this study. First, solar radiation data were obtained for the county of the study center, however, some participants did not live near the center in which the study visit took place, and we do not have access to their county of residence. Therefore, some nondifferential misclassification is likely, although this measure of vitamin D exposure from the sun is more accurate than season of blood draw, which has been used by most previous studies. Second, ethnicity was self-reported, not determined by skin reflectance or ancestry informative markers (AIMs). This likely resulted in a slightly more heterogeneous population at each center with respect to ethnicity. Third, due to financial and logistical constraints, the vitamin D exposure questionnaire was only administered in San Luis Valley and was relatively brief. Therefore, the effect of self-reported hours spent outside, frequency of protection from sun exposure, and regular multivitamin supplement use on levels of 25(OH)D and 1,25(OH) 2 D in San Antonio Hispanics and Los Angeles African Americans is unknown. Finally, due to financial constraints, the coverage within the three vitamin D genes was not very dense by current standards (approximately one SNP every 4.5 kb). However, this is the densest coverage of the three genes with respect to vitamin D levels thus far, and the first study to examine and report all three vitamin D-related genes together. Moreover, the genetic findings were replicated in three distinct populations. These characteristics make the findings an important advancement of prior knowledge.
Because vitamin D status is being linked to more and more adverse health outcomes, understanding the genetic variants that are responsible for variation in relevant vitamin D metabolites in different populations is vital. Most of the research that has been done thus far has been on a smaller scale and/or in patients with a particular disease. This study examined environmental and genetic risk factors of two vitamin D metabolites, 25(OH)D and 1,25(OH) 2 D, in a large multicenter study of healthy Hispanics and African Americans. One SNP in the DBP, rs4588, was associated with 25(OH)D and 1,25(OH) 2 D in both Hispanics and African Americans, comparable to results in Caucasian samples (4, 22) . Genetic variation at or around this SNP may well play an important role in adverse health outcomes such as bone disease, cancer, autoimmune disease, and type 2 diabetes in Caucasians, Hispanics, and African Americans.
